The paper presents the results of a focused effort perfonned by the members of the Space Propulsion Synergy Team (SPST) Functional Requirements Sub-team to develop propulsion data to support Advanced Technology Lifecycle Analysis System (ATLAS). This is a spreadsheet application to analyze the impact of technology decisions at a system-of-systems level. Results are summarized in an Excel workbook we call the Technology Tool Box (TIB). The TIB provides data for technology perfonnance, operations, and programmatic parameters in the fonn ofa library of technical infonnation to support analysis tools and/or models. The lifecycle of technologies can be analyzed from this data and particularly useful for system operations involving long running missions. The propulsion technologies in this paper are listed against Chemical Rocket Engines in a Work Breakdown Structure (WBS) fonnat.
The list of Chemical Rocket Engines identified in the WBS is by no means complete. It is planned to update the TTB with a more complete list of available Chemical Rocket Engines for United States (US) engines and add the Foreign rocket engines to the WBS which are avai lable to NASA and the Aerospace Industry.
The Operational Technology Metric Values were derived by the SPST Sub-team in the fonn of the TIB and establishes a database for users to help evaluate and establish the technology level of each Chemical Rocket Engine in the database. The Technology Metric Values will serve as a guide to help detennine which rocket engine to invest technology money in for future development. 
Introduction
In 2004 NASA was developing an "Advanced Technology LifecycIe Analysis System" (AT LAS), which was a spreadsheet application to analyze the impact of technology deci sions at a system-of-systems level. At the heart of this ATLAS is an Excel workbook known as the "Technology Tool Box" (TIB). The TIB provides data for technology performance, operations, sand programmatic parameters used by model s in the ATLAS library. As emphasized in the name, the model s in ATLAS address the lifecycIe of technologies.
In support of the development of Operational Technologies and the development of Technology Metric Values for the ATLAS TIB, the SPST was requested to provide the development of Operational Metrics. In response to this request, the SPST developed the Operations Difficulty Factor (ODF) and an Operations Reliability Factor (ORF) for incorporation in the ATLAS TIB database for the first 3 year incremental time frame of 2005--2008 of an intended eleven time frames in the future through the year 2038.
To accomplish the development of these ODFs and ORFs, the SPST first identified Measurable Operational Functional Criteria Discriminators that could be used to develop the Operational Metric Val ues in the TIB. The process desired was to select a reference technology choice for each technology class and by comparing the technology choices against this reference considering a range of 1.0 to 10. Thus, an order of magnitude from better to worse, setting the reference value at 1.0 and the range for better would be 0. 1 to 1.0 and the range for worse would be 1.0 to 10.
The TIB was conceived to support development of technologies starting with incremental time frames 2005 -2008 , 2008 , for each of the technology options considering technology maturation advancement for each period.
The SPST worked two classes of Chemical Rocket Engines, WBS 2.6. 1 Earth-to-Orbit (ETO) Propulsion Technology sub-element and WBS 2.6.5 In-space Propulsion (chemicallthennal) Technical sub-element.
The Operational Technology Metric Values derived by the SPST would be used by the ATLAS database users and modelers to help evaluate and establish the technology level of each Chemical Rocket Engine in the database. The Technology Metric Values were included in a Technology Investment Portfolio to serve as a guide to detennine which technology would gain the greatest operational improvement for out year investments.
Methodology
The process selected by the SPST considered 16 different propulsion system in the ETO class eWBS 2.6.1) and 13 different propulsion systems in the In-space class (WBS 2.6.5) for evaluation. Some of these propulsion systems were well establi shed operational systems and others were either less mature or notional systems. The SPST had perfonned a QFD in previous studies that had identi fied many design discriminators against the desired attributes for an affordable/sustainable space transportation system. These design discriminators were arranged in an order of importance and the top applicable Measurab le Operational Functional Criteria Discriminators (MOFCD) were used to perfonn the evaluation of the selected propulsion systems to detennine their ODF and used to perfonn the evaluation of these propulsion systems ORF.
One additional criterion was added that detennined the maturity (a well documented operational definition of discriminator data) for evaluation and understanding. This criteria was evaluated on the basis of a I (well defined), 3 (somewhat defined), and a 9 (not well defined at all). This added criterion would add a burden to those systems that were not mature, but could be removed when these technologies were developed and demonstrated as being mature. This allows for selection of future systems for development that show promise in reaching the objective of being more affordable than the present system being used today. Future time frame evaluations would take into account the advances made to mature technology propulsion systems. At this time frame the criterion that was added for the evaluation of this maturity would be reduced ; therefore, the raw score for that technology would be reduced from the previous time frame yielding a lower ODF and a new ORF.
It was found that only 28 criteria were evaluated out of a larger group as data was missing in the others which were evaluated with a score of 0 or left blank. This evaluation was perfonned using a matrix that allowed the evaluation of each propulsion system against each Measurable Operational Functional Criteria Discriminators with the SSME being selected as the reference case for the ETO class and the RL-I 0 A-4 selected as the reference case for the In-space class. Each propulsion system was evaluated and the scores were added to determine the raw score of each. Each raw score was then normalized against the reference case, e.g. , the ODF and ORF and transferred to the ATLAS TIB.
Operational Analysis Results (grouped in three categories) (I) A general purpose Functional System Breakdown Structure (FSBS). This generic FSBS (a product of a previous study effort that was discontinued) was requested by our customer as a part of this task. The generic FSBS was developed to provide the capability to analyze technologies within the existing TIB, and would also reflect the Advanced Systems Technology Research and Analysis WBS .
To develop a generic FSBS applicable to all phases and missions of a Space Transportation System, the SPST Sub-team reviewed past Space Transportation Systems and their WBSs, many of which have been used for 50 plus years. A generic FSBS was developed that is applicable to any Space Transportation System (flight system, ground system and ground functional nodes in space or on other planets).
Work Breakdown Structure (WBS) of Chemical Rocket Engines
Operational Discriminators and the development of Technology Metric Values for Technologies were defined by reviewing the Chemical Rocket Engines within the ATLAS data base to determine their technology levels for potential Development Techno logies to be included in the Human and Robotic Technology (H&RT)'s technology Investment Portfolio. The H&RT requested the SPST Functional Requirements Sub-team to develop the Operational Metrics for the ATLAS TIB. When reviewing the Chemical Rocket Engines in the existing WBS , it became obvious that the list of available Chemical Rocket Engines, both United States (US) and foreign needed to be up-dated to provide a complete-as-possible listing of Chemical Rocket Engines that are or could be avai lable to NASA and the Aerospace Industry.
The WBS 2.6.1 for ETO rocket engines lists thirteen rocket engines, two rocket motors and one propulsion technology. Seven are qualified Liquid Rocket Engines, but only five are still flying; the SSME, RS68, RS27 A from the US, the HM 60 from France, and the RD180 from Russia. There are two qualified Solid Rocket Motors ' the Apollo LES (retired) and the RSRM still flying both from the US . The RD 170 was in the WBS listing, but is no longer in production; therefore, the SPST Sub-team replaced it with the RD 173 ETO technology engine, and is identified by a 3 in the fifth digit of the WBS as shown in Table 1 WBS 2.6.5 for In-space rocket engines identifies eleven rocket engines, one rocket motor and one propulsion technology. Five are qualified Liquid Rocket Engines, but only one is still flying; the RL 1 OA-4. The Chemical PropUlsion Information Agency's (CPIA) rocket engine database shows the RLIOA-4 and not the RLIOA-6 as a viable rocket engine. Therefore, the RLlOA-6 was replaced with the RLI OA-4 engine in the database. The Solid/Hybrid technology motor was added to the WBS. The RS27A derivative technology engine was added in place of the "Noname LOx/HC" engine. The MB60, the RL60, the Apollo LM Descent, the RS72 , the SolidlHybrid, the OEPSS Concept, and the MOLY Concept Technologies were added and identified by an X in the fifth digit of the WBS number as shown in The SPST Sub-team selected the SSME as the reference ETO engine and all technology ETO propulsion systems were compared to the SSME. For the In-space rocket engines, the RLI OA-4 was selected as the reference engine and all In-space technology propulsion systems were compared to the RLIOA-4. In defining a process that could work with multiple objective attributes, the SPST performed a QFD exercise. Thi s process was accomplished in previous studies that had identified the many design drivers that were responsive to the attributes of an affordable / sustainable space transportation system. These design drivers are sometimes referred to as "technical performance metrics" (TPMs); however, in this paper they will be referred to as "operational functional criteria discriminators". These operational design discriminators were arranged in an order of importance and the top applicable 48 measurable operational functional criteria discriminators were used to perform the evaluation of the selected propulsion systems to determine their ODF and the top applicable 48 measurable operational functional criteria discriminators were used to perform the evaluation of these propulsion systems ORF.
Forty-eight Operational Di scriminators were used to evaluate the one reference engine and the all the other engines/propulsion systems in the WBS 2.6. I ETO Propulsion shown in Table 1 .0 above. Establishing the SSME as the reference ETO engine with a nominal value of 1.0, and comparing the technology and other engines/propulsion systems on a scale of O. I to 10; with 0.1 being an order-of-magnitude better and 10 being an order-of-magnitude worse than the SSME, provided the SPST Sub-team with a structured methodo logy and technique to derive Technology Metric Values for each Operational Discriminator for each rocket engine/propulsion concept evaluated.
Forty-eight Operational Discriminators were also used to evaluate the one reference engine and all the other engines/propulsion systems in the WBS 2.6.5 In-space Propulsion shown in Table 2 .0 above. Establishing the RLI OA-4 as the reference In-space engine with a nominal value of 1.0, and comparing the technology and other engines/propulsion systems on a scale of 0.1 to 10; with 0.1 being an order-of-magnitude better and 10 being an order-of-magnitude worse than the RLI OA-4, provided the SPST Sub-team with a structured methodology and technique to derive the Technology Metric Values for each Operational Discriminator for each engine evaluated concept evaluated.
Because there wasn ' t data for all the 48 measurable operational functional criteria discriminators, only 28 criteria are presented in this technical paper as being used to evaluate the propulsion technologies for both the ETO and the In-Space WBS groups. For definition of the 28 measurable operational functional criteria discriminators use, please see the "evaluation products examples" that follow.
One additional criterion was added that determined the maturity (well documented operational definition of these discriminator data) for evaluation and understanding. This criteria was evaluated on the basis of a I (well defined), 3 (somewhat defined), and a 9 (not well defined at all). This added criterion would add a burden to those systems that were not mature, but could be removed when these technologies were developed and demonstrated as being mature. This allows for selection of future systems for development that show promise in reaching the objective of being more affordable that the present system being used today. Future time frame evaluations would take into account the advances made to mature technology propulsion systems. At this time frame the criterion that was added for the evaluation of this maturity would be reduced; therefore, the raw score for that technology would be reduced from the previous time frame yielding a lower ODF and a new ORF.
Evaluation Product Examples
The SPST only preformed the first year 2005 evaluation for these selected systems. In addition to evaluating the gains from maturing an advanced design, it can be seen that if a mission requires large thrust values the ODF must be compared with multiples of smaller propulsion systems. Therefore, from a total systems perspective even though the ODF is larger than that of another system, it may be the desired choice.
The following three examples for ETO (WBS 2.6.1) show that with all systems being mature, the SRM has much higher thrust than the other two cases; therefore, if it was replace with another choice, it needs to be relatively close to the SRM 's thrust level. The ODF and ORF would not be desirable for the reference system if it required 5-6 units to match the desired required equivalent thrust.
These example propulsion system evaluations make it clear which Operational Discriminators are candidates for improvement ifit is desired to improve the operability of any of these mature technologies.
Ref Technology
Criteria RS 68 L02l'lH z 2.6.1. It can be seen from the tables that follow , that 6 of the 7 candidate technologies evaluated would have an improved operational difficulty factor if matured and had a good chance of being better than the referenced technology for ETO WBS 2.6.1.
The operational reliability factor evaluations could be improved for 7 of the 7 candidate technologies being considered. It is also seen that 5 of the 8 mature candidates showed an improved operational reliability factor over the reference technology for ETO WBS 2.6.1. This assessment indicates that there is room for improving the operational reliability factors using the operational functional criteria discriminators as a guide.
While reviewing the table below for the WBS 2.6.5 In-space propulsion technologies, it can be seen that 6 of the 7 candidate technologies would show an improved operational difficulty factor over the reference case if matured.
The operational reliability factor evaluations could be improved for 7 of the 7 candidate technologies being considered. It is also seen that 3 of the 6 mature candidates showed an improved operational reliability factor over the reference technology for Inspace WBS 2.6.5. Again this assessment indicates that there is room for improving the operational reliability factors using the operational functional criteria discriminators as a guide.
In summary this evaluation tool can be used effectively in planning an R&D program for improving the operational reliability and its effectiveness for improved safety as well as increasing the operability of these propulsion candidates. This product or its process should be used in achieving the objecti ves of affordability, supportability, and sustainability of future space transportation systems by improving their propulsion architectures. ..,.
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..: The objective of developing a TTB for the ATLAS for the two WBSs of2.6.1 and 2.6.5 for chemical propulsion was achieved. The following overall assessment of this project is included below.
OPERATIONAL METRICS DEVELOPMENT / DETERMINATION for ATLAS-TIB
Major observations from process
• Operational improvements aren ' t always technology constrained, but often driven by design choices -Apollo / Saturn vs. Current
• Traditional process of optimizing for minimum weight at the subsystem, system or contractual element level does not provide overall Space Transportation system for lowest LCC, Highest Reliability or Highest Safety.
• Traditional process was developed for achievement of maximum performance, e.g.,
• " Design Definition Process" needed to achieve Affordable, Sustainable Transportation System must be focus/optimized on major objectives of Lowest LCC, High Dependability, High Operability, and Maximum Mission Assurance/Safety -Followed by performance assessment & adjustment to achieve closure if required.
• Requirements must be defined around the major objectives above
• Must maintain focus on these above objectives throughout the entire design and operations phases
If you do what you have always done, you will get what you got before. Conceptual definition process must be changed.
• The requirement of "SUSTAINABLE EXPLORA nON" must be enforced
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